Magnetic induction and domain walls in magnetic thin films at remanence 
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Magnetic domain walls in thin films can be well analyzed using polarized neutron reflectometry. 
Well defined streaks in the off-specular spin-flip scattering maps are explained by neutron refraction 
at perpendicular Neel walls. The position of the streaks depends only on the magnetic induction 
within the domains, whereas the intensity of the off-specular magnetic scattering depends on the 
spin-flip probability at the domain walls and on the average size of the magnetic domains. This effect 
is fundamentally different and has to be clearly distinguished from diffuse scattering originating from 
the size distribution of magnetic domains. Polarized neutron reflectivity experiments were carried 
out using a 3 He gas spin-filter with a analyzing power as high as 96% and a neutron transmission 
of approx 35%. Furthermore, the off-specular magnetic scattering was enhanced by using neutron 
resonance and neutron standing wave techniques. 

PACS numbers: 75.70.Cn, 61.12.Ex,75.60.-d 



Introduction 



Magnetic domain imaging at remanence and during 
magnetization reversal has become an extremely impor- 
tant discipline in the area of magnetic thin films. For 
magnetoelectronic and spintronic device applications, the 
domain state and switching behavior of various vertically 
and laterally structured magnetic systems requires de- 
tailed investigations in the space and time domain. The 
experimental techniques available for domain imaging 
provide either real space information, such as magnetic 
force microscopy (MFM) 0,J2| , Kerr microscopy (KM) 0] , 
Lorentz microscopy (LM)0, MJfi|> polarized electron 
emission microscopy (PEEM) pi 13 , and secondary elec- 
tron microscopy with polarization analysis (SEMPA)|jJ, 
or reciprocal space information, such as resonant soft x- 
ray magnetic small-angle scattering (SAS)|lO|. In any 
case, magnetic domain information is obtained via mag- 
netic stray fields emanating from the sample (MFM) or 
via the local magnetic polarization. Most of the methods 
presently available do not concentrate on the magnetic 
domain walls, their thickness, and their orientation. 
In this paper we report on the observation of mag- 
netic domain walls, using polarized neutron reflectiv- 
ity (PNR). PNR has proven in the past to be an es- 
sential tool for the analysis of magnetic thin films and 
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heterostructu res. including their interfaces and domain 
structures[lll [H El- Here we will go one step further 
and show that magnetic domain walls can be character- 
ized via pronounced streaks in the off-specular spin-flip 
(SF) scattering regime. Usually, off-specular SF neutron 
reflectivity is symmetric (R — h = RH — ) and is discussed 
in terms of the Fourier transform of the magnetic do- 
main distribution in the film plane and /or in terms of 
interfacial magnetic roug hness HUE HE! Off- 
specular asymmetric SF reflectivity (R — RH — ) can 
be observed, if the magnetic induction in the sample 
and the external magnetic field to the sample are not 
collinearJUHSElElli!. This leads to SF processes 
at the sample/vacuum interface, which are always accom- 
panied by a Zeeman energy change of the neutrons. Con- 
sequently, the SF neutrons follow a different path in the 
external applied field (off-specular) than the non-spin flip 
(NSF) neutrons (specular). The effect we report here has 
to be clearly distinguished from either one of these cases. 
We observe a striking new and asymmetric off-specular 
neutron reflectivity in the remanent state of a Co film, 
which is bunched into pronounced streaks. We argue that 
the asymmetry is caused by breaking the translational 
symmetry for the neutrons travelling in the film plane, 
when crossing domain walls with different magnetic po- 
tentials on either side of the wall. Neutron scattering at 
Bloch walls in bulk ferromagnets has been reported in 
the literature [H |H El EI E3- In the present work, 
we consider neutron scattering from domain walls in thin 
films with an incident angle to the domain walls close to 
normal. Analysis of the characteristic features of the off- 
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specular SF scattering reveals the magnetic induction of 
the film at remanence, the average domain wall width, 
the average domain size, and domain wall angle. 
Since neutron scattering at domain walls is weak, en- 
hancement factors have been employed, using neutron 
standing wave properties below the critical angle of total 
reflection, and neutron resonance conditions above the 
critical angle. A detailed theoretical background and de- 
scription of the experimental conditions necessary to re- 
alize either Bright- Wigner resonances or neutron stand- 
ing waves in thin magnetic films, is provided in Ref. |3l| . 
Furthermore, the method requires a full spin analysis of 
the off-specular spin-flip intensity over a large solid angle. 
This has been achieved with a supermirror in the incident 
beam and a 3 He spin filter in the exit beam. The polar- 
ized gas was provided by TYREX 3rd generation 3 He 
filling station recently commissioned at ILL |32l |. 



Experimental Results 

For the present experiment we used a 250 nm thick Co 
film, grown by rf-sputtering on a SiC>2 substrate. Due 
to exposure to air, a 2.5 nm thick oxide layer is formed 
on top of the Co layer. Growth conditions and substrate 
choice provided a polycrystalline Co film. The magneti- 
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FIG. 1: Ripple-like domain structure after applying a satu- 
ration field of H ex t = 2000 Oe and returning to close to the 
remanent state at H ex t = 10 Oe. The mean magnetization 
direction together with the ripple like domain structure is in- 
dicated by the curly arrow. The inset shows the hysteresis 
loop measure by MOKE 



zation reversal was characterized by the magneto-optical 
Kerr effect (MOKE) and by wide field Kerr microscopy in 
the longitudinal mode. MOKE hysteresis measurements 
did not reveal any macroscopic anisotropy within the film 
plane. A characteristic Kerr domain image is shown in 
Fig-ffl taken after saturating the sample at +2000 Oe and 
reducing the field to 10 Oe |34j. A strongly modulated 
low angle domain structure can be recognized, which is 
due to the polycrystalline nature of the film combined 
with the intrinsic magnetocrystalline anisotropy of Co. 
The magnetization within the ripple domains is partly 
tilted to the left and to the right, and is essentially per- 
pendicular to the applied magnetic field (spin flop orien- 
tation). The ripple can be recognized also in the hystere- 
sis loop shown in the inset of Fig. ^ where a reduced re- 
manence is observed. The magnetization direction within 
the domains increasingly deviates from the mean magne- 
tization direction when approaching the coercive field, 
where the reversal of magnetization proceeds by domain 
wall motion. At remanence, the deviation of the local 
magnetization vector from the mean direction can also 
be recognized from the hysteresis loop shown in the inset 
of Fig. [2 

We have carried out the neutron reflectivity measure- 
ments using the ADAM and EVA reflectometers at the 
Institut Laue-Langevin, Grenoble, EU. The EVA reflec- 
tometer is used in combination with a wide angle 3 He 
spin filter analyzer. The half-life time of the spin filter 
was 180 h and the analyzing power of the filter was 96% , 
at the beginning of the experiment, which is comparable 
to the best performance of a supermirror analyzer. The 
neutron measurements were carried out at 300 K and 
for two magnetic states of the sample: saturation (not 
shown here) and remanence. First the sample was sat- 
urated, then the field was reduced to zero field (termed 
pristine state). The pristine state is shown in Fig. [21 

The diagonal intensity ridges stretching from the lower 
left to the upper right corner are the specular NSF R++ 

and R reflectivities. The specular ridge is rich in 

features, confirming standing waves and Kiessig fringes 
in the R++ map above the critical edge for total reflec- 
tion at the Co film, and standing wave features in the 

R map below the critical edge of the substrate. The 

situation is dramatically different for the spin-flip(SF) 
maps RH — and R — h Aside from the specular ridges, 
there is additional off-specular intensity following a well 
defined curvature. In the RH — map the additional 
line of intensity appears at lower exit angles than the 
specular beam, while in the R — h map this line is located 
at higher exit angles than the specular beam. Moreover, 
both off-specular intensity lines exhibit a banana shape 
curvature, which, in addition, is intensity modulated in 
a fashion similar to the specular spin-flip reflectivity. 
These two features can be explained qualitatively and 
quantitatively, as being due to domain wall scattering. 
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FIG. 2: The left column shows intensity maps for the 

non spin- flip cross sections RH — h (top) and R (bottom), 

the right column for the spin-flip cross sections R+— (top) 
and R — h (bottom). The maps were recorded close to 
remanence(~ 10 Oe). The intensities are plotted in terms of 
exit angles (y-axis) versus incident angle (x-axis) . The streaks 
are due to reflection and refraction from perpendicular mag- 
netic domain walls, as described in more detail in the text. 
The black lines are calculated off-specular spin- flip streaks. 



Discussions 

First we would like to discuss the key elements which 
define the intensity of spin-flip scattering at domain 
walls (DW). For one large domain wall Dnw, the 
neutron will adiabatically follow the magnetic induction 
and no SF scattering occurs. In contrast, for very small 
Ddw the spin-flip probability is very small. Therefore, 
the thickness of the domain wall affects the scattered 
off-specular intensity. Second, the transmitted intensity 
through the DW is affected by the angle 7 between the 
magnetization vectors in neighboring magnetic domains. 
For 7 = no SF scattering is expected, for 7 = 90° 
the SF scattering should have a maximum. Also, for 
7 = 180° one should observe off-specular scattering 
because, even so the neutron spin do not flips, the mag- 
netic field flips instead, leading to non-SF (in respect 
to the incident neutron polarization) off-specular signal. 
Third, the number of domain walls that the neutron 
passes through before being reflected or transmitted 
by the next interface affects the off-specular intensity. 
This gives information about the average lateral size of 
the magnetic domains. Numerical calculations of the 
transmission coefficient as function of Djjw show that 
for SF scattering at domain walls a finite DW width and 
an angle 7 > is required. 

The type of the domain wall, Bloch versus Neel, can 
be inferred from the splitting of the neutron resonances. 



It was shown that stray fields emerging from the sample 
as reported in Ref . |2J| cause a split ting of the resonant 
angles for the different polarizations |2f| . Assuming that 
Bloch walls give rise to stray fields, and Neel walls do 
not, then through the stray fields one can discriminate 
between these two types of domain walls. For the present 
case we have seen no splitting of the neutron resonances 
(data not shown). Therefore, we suggest that at least 
partial Neel walls are present in the sample. 

Next we discuss the banana shaped curvature of the 
off-specular SF scattering. Imagine that down polarized 
neutrons (— ) polarized opposite to the field direction) 
enter into a magnetic domain as schematically indicated 
in Fig|3| We assume that the magnetic induction vector 
in the domain is tilted with respect to the polarization 
direction of the incident neutrons as shown in Fig ^ and 
FigO Let us follow the path (red line) of the neutrons, 
which arc off-specularly scattered into the ( — h) channel. 
The (— ) neutrons will meet the vacuum/sample interface 
at position and will then be transmitted without spin 
flip into the layer |35| . Their quantization axis will turn 
parallel to the magnetic induction inside of the magnetic 
domain (Bdi) (white shade). Travelling further deep 
into the layer, they will be reflected at the bottom in- 
terface without spin-flip. After reflection, they will cross 
a perpendicular (to the surface plane) magnetic domain 
wall (#2) and enter into the next magnetic domain (grey 
shade). The orientation of the magnetic induction inside 
of this domain (BD2) is tilted away from the magnetic 
induction (Bdi) in the previous domain by a tilt angle 
7- 

Now we make a basic and fundamental assumption, 
which is essential for the interpretation of the banana 
shaped off-specular intensity. We assume that the neu- 
trons, which cross a perpendicular domain wall, are be- 
ing spin-flipped and reflected off-specularly. The spin-flip 
cross-section depends on the tilt angle 7. Due to the Zee- 
man energy change, the SF neutrons will be refracted and 
they will follow a different path with respect to the NSF 
neutrons |36(. Next, these neutrons will meet the inter- 
face at position #3 and will exit into the air at an angle 
qDW-SF ^ same qualitative process also applies for 

neutrons transmitted through the substrate or for (+) 
neutrons entering the sample from the top (not shown 
here). 

The qualitative discussion about the neutron paths in the 
magnetic layer can be cast into a set of equations for the 
reflection and refraction effects, using Snell's law for neu- 
tron optics at each interface # 1, 2, and 3 as indicated 
in Fig.0 yielding the following system of equations: 

k£ cos(6» ) = kf cos(9f) 

kfsm(9t) = kt$in(9f) , (1) 

kf cos(9f ) = kf cos(9f) 

where kf = ^/k^ — (u ± j/xj \Bd ) are the proper values 
of the wave vector in the magnetic domains, and 9 i are 
the angles of the (+) and (-) neutrons, respectively, as 
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FIG. 3: Schematic outline of the polarized neutron path in a 
magnetic film containing domain walls. The thin red arrows 
indicate neutrons oriented parallel to the magnetic field induc- 
tion inside and outside of the magnetic film, while thin blue 
arrows indicate neutrons oriented anti-parallel to the mag- 
netic field induction. Thick red line shows the (-+) neutron 
path before and after entering the film, which contains two 
magnetic domains, separated by a perpendicular magnetic do- 
main wall. The magnetization within domains is lying in the 
sample plane. In this graph it is assumed that spin flip occurs 
only once, at the domain wall where the neutron enters the 
grey shade magnetic domain. At the lower interface the neu- 
tron is reflected. At the domain wall between the white and 
grey domain, refraction occurs with spin flip. The neutron 
leaves the top interface without spin flip. The thin black lines 
show neutrons specularly reflected from the top interface and 
transmitted neutrons through the lower one. Notice that in 
general the neutron beam will meet a variable number of do- 
main walls, depending on the incidence angle. This will affect 
the off-specular intensity but not the position of the streaks. 



shown in the Fig. [3] The solutions of this system of 
equations are: 



cos(^~^ 

yDW-SF^ _ 



±2uBi 

( 27^ ^0 



COS'' 



(2) 



where 



qDW-NSF 



and 9 



DW-SF 



, oiiu v , are the exit angles of 

the neutrons with and without spin-flip upon crossing 
the domain wall, respectively, and fco = 2n/\ is the 
incident wave number. The formulae above describe 
very well all geometric features related to the banana 
shaped off-specularly reflected neutrons as observed 
experimentally. For example, the (H — ) off-specular SF 
intensity appears only when the incident angle satisfies 



the condition cos 2 (9 ) > 2^iBr>/{^—k 2 ), while for the 
( — h) curve there is no limiting incident angle: the equa- 
tion cos 2 (9o) > —2[iBoj{^]^) is always satisfied. This 
is the case for (— ) neutrons incident on Co, which has a 
negative scattering length density. The streaks can be 
reproduced by the following set of value (shown by black 
solid lines in Fig. 0): |B m |=|B D2 |= 15500 Gauss, 
7 = 30°, and perpendicular domain walls. |Bdi,2| is 
reduced compared to the measured saturation value of 
17 200 Gauss, which we believe it is due to spin canting 
within the domains. Furthermore, the intensity of the 
streaks contains additional information, from which the 
average domain wall width |2t1 ]. the average domain 
size Dd ~ 14 000 nm, and the distribution of domain 
wall angles can be determined. A full quantitative 
account of all features observed in the maps and also 
a discussion of other magnetic materials, which have 
a positive potential barrier for both incident neutron 
states, is provided elsewhere [3l|. 

In passing we stress that the discussion of the off- 
specular and asymmetric streaks in terms of optical 
paths taken by neutrons inside the sample, is equivalent 
to geometrical optics of electromagnetic waves, which 
explains the propagation of wave fields. Clearly, a 
complete analysis using the distorted wave approx- 
imation should explain both, the geometry and the 
intensity 0]. There, however, the refraction at the 
domain walls is not accounted for. The present analysis 
has the advantage of providing a clear and lucid geomet- 
ric interpretation with quantifiable parameters about 
the magnetic induction in the Co film even at remanence. 



Conclusions 



In summary, we have measured with polarized neu- 
tron reflectivity the specular and off-specular magnetic 
scattering from a ferromagnetic Co film in the rema- 
nent magnetic domain state. We have analyzed the 
off-specular magnetic neutron scattering using a 3 He 
gas spin-filter. The off-specular spin-flip scattering is 
dominated by streaks above and below the specular 
ridge. They appear due to spin-flip transmission at 
domain walls. These streaks at well denned angles are 
clearly to be distinguished from magnetic diffuse scat- 
tering centered symmetrically at the specular ridge, the 
latter one being due to the size distribution of magnetic 
domains. In the former case we could show that the 
streaks can be explained by refraction and reflection of 
spin polarized neutrons at perpendicular domain walls. 
We suggest that this is a new method for determining 
the magnetization M(T,H=0) in thin films with domains. 
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